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Lithographic Apparatus and Device Manufacturing Method. 

Field of the Invention 

[0001] The present invention relates to a lithographic projection apparatus. 

[0002] In particular, the present invention relates to a lithographic projection 
apparatus comprising a radiation system for supplying a projection beam of radiation, a 
support structure for supporting patterning means, the patterning means serving to pattern 
the projection beam according to a desired pattern, a substrate table for holding a substrate, 
a projection system for projecting the patterned beam onto a target portion of the substrate, 
and liquid supply system for at least partly filling a space between the final element of said 
projection system and said substrate with liquid. 

Summary 

[0003] The term "patterning means" as here employed should be broadly 
interpreted as referring to means that can be used to endow an incoming radiation beam 
with a patterned cross-section, corresponding to a pattern that is to be created in a target 
portion of the substrate; the term "light valve" can also be used in this context. Generally, 
the said pattern will correspond to a particular functional layer in a device being created in 
the target portion, such as an integrated circuit or other device (see below). Examples of 
such patterning means include: 

[0004] A mask. The concept of a mask is well known in lithography, and it 
includes mask types such as binary, alternating phase-shift, and attenuated phase-shift, as 
well as various hybrid mask types. Placement of such a mask in the radiation beam causes 
selective transmission (in the case of a transmissive mask) or reflection (in the case of a 
reflective mask) of the radiation impinging on the mask, according to the pattern on the 
mask. In the case of a mask, the support structure will generally be a mask table, which 
ensures that the mask can be held at a desired position in the incoming radiation beam, and 
that it can be moved relative to the beam if so desired. 

[0005] A programmable mirror array. One example of such a device is a matrix- 
addressable surface having a viscoelastic control layer and a reflective surface. The basic 
principle behind such an apparatus is that (for example) addressed areas of the reflective 
surface reflect incident light as diffracted light, whereas unaddressed areas reflect incident 
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light as undiffracted light. Using an appropriate filter, the said undiffracted light can be 
filtered out of the reflected beam, leaving only the diffracted light behind; in this manner, 
the beam becomes patterned according to the addressing pattern of the matrix-addressable 
surface. An alternative embodiment of a programmable mirror array employs a matrix 
arrangement of tiny mirrors, each of which can be individually tilted about an axis by 
applying a suitable localized electric field, or by employing piezoelectric actuation means. 
Once again, the mirrors are matrix-addressable, such that addressed mirrors will reflect an 
incoming radiation beam in a different direction to unaddressed mirrors; in this manner, the 
reflected beam is patterned according to the addressing pattern of the matrix-addressable 
mirrors. The required matrix addressing can be performed using suitable electronic means. 
In both of the situations described hereabove, the patterning means can comprise one or 
more programmable mirror arrays. More information on mirror arrays as here referred to 
can be gleaned, for example, from United States Patents US 5,296,891 and US 5,523,193, 
and PCT patent applications WO 98/38597 and WO 98/33096, which are incorporated 
herein by reference. In the case of a programmable mirror array, the said support structure 
may be embodied as a frame or table, for example, which may be fixed or movable as 
required. 

[0006] A programmable LCD array. An example of such a construction is given in 
United States Patent US 5,229,872, which is incorporated herein by reference. As above, 
the support structure in this case may be embodied as a frame or table, for example, which 
may be fixed or movable as required. 

[0007] For purposes of simplicity, the rest of this text may, at certain locations, 
specifically direct itself to examples involving a mask and mask table; however, the general 
principles discussed in such instances should be seen in the broader context of the 
patterning means as hereabove set forth. 

[0008] Lithographic projection apparatus can be used, for example, in the 
manufacture of integrated circuits (ICs). In such a case, the patterning means may generate 
a circuit pattern corresponding to an individual layer of the IC, and this pattern can be 
imaged onto a target portion (e.g. comprising one or more dies) on a substrate (silicon 
wafer) that has been coated with a layer of radiation-sensitive material (resist). In general, a 
single wafer will contain a whole network of adjacent target portions that are successively 
irradiated via the projection system, one at a time. In current apparatus, employing 
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patterning by a mask on a mask table, a distinction can be made between two different 
types of machine. In one type of lithographic projection apparatus, each target portion is 
irradiated by exposing the entire mask pattern onto the target portion in one go; such an 
apparatus is commonly referred to as a wafer stepper. In an alternative apparatus — 
commonly referred to as a step-and-scan apparatus — each target portion is irradiated by 
progressively scanning the mask pattern under the projection beam in a given reference 
direction (the "scanning" direction) while synchronously scanning the substrate table 
parallel or anti-parallel to this direction; since, in general, the projection system will have a 
magnification factor M (generally < 1), the speed V at which the substrate table is scanned 
will be a factor M times that at which the mask table is scanned. More information with 
regard to lithographic devices as here described can be gleaned, for example, from US 
6,046,792, incorporated herein by reference. 

[0009] In a manufacturing process using a lithographic projection apparatus, a 
pattern (e.g. in a mask) is imaged onto a substrate that is at least partially covered by a layer 
of radiation-sensitive material (resist). Prior to this imaging step, the substrate may undergo 
various procedures, such as priming, resist coating and a soft bake. After exposure, the 
substrate may be subjected to other procedures, such as a post-exposure bake (PEB), 
development, a hard bake and measurement/inspection of the imaged features. This array of 
procedures is used as a basis to pattern an individual layer of a device, e.g. an IC. Such a 
patterned layer may then undergo various processes such as etching, ion-implantation 
(doping), metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish 
off an individual layer. If several layers are required, then the whole procedure, or a variant 
thereof, will have to be repeated for each new layer. Eventually, an array of devices will be 
present on the substrate (wafer). These devices are then separated from one another by a 
technique such as dicing or sawing, whence the individual devices can be mounted on a 
carrier, connected to pins, etc. Further information regarding such processes can be 
obtained, for example, from the book "Microchip Fabrication: A Practical Guide to 
Semiconductor Processing", Third Edition, by Peter van Zant, McGraw Hill Publishing 
Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference. 

[0010] For the sake of simplicity, the projection system may hereinafter be referred 
to as the "lens"; however, this term should be broadly interpreted as encompassing various 
types of projection system, including refractive optics, reflective optics, and catadioptric 
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systems, for example. The radiation system may also include components operating 
according to any of these design types for directing, shaping or controlling the projection 
beam of radiation, and such components may also be referred to below, collectively or 
singularly, as a "lens". Further, the lithographic apparatus may be of a type having two or 
more substrate tables (and/or two or more mask tables). In such "multiple stage" devices 
the additional tables may be used in parallel, or preparatory steps may be carried out on one 
or more tables while one or more other tables are being used for exposures. Dual stage 
lithographic apparatus are described, for example, in US 5,969,441 and WO 98/40791, 
incorporated herein by reference. Where reference is made to "ultrasonic" or "ultrasound", 
unless stated otherwise, this is to be interpreted as relating to sound waves at any frequency 
greater than the upper limit of human perception: namely, greater than 20 kHz. 

[0011] It has been proposed to immerse the substrate in a lithographic projection 
apparatus in a liquid having a relatively high refractive index, e.g. water, so as to fill the 
space between the final element of the projection lens and the substrate. The point of this is 
to enable imaging of smaller features since the exposure radiation will have a shorter 
wavelength in the liquid. (The effect of the liquid may also be regarded as increasing the 
effective NA of the system.) 

[0012] One of the solutions proposed is to submerse the substrate or substrate and 
substrate table in a bath of liquid (see for example US 4,509,852, hereby incorporated in its 
entirety by reference). In this solution, there is a large body of liquid that must be 
accelerated during a scanning exposure. This may require additional or more powerful 
motors and may cause turbulence in the liquid leading to possible undesirable and 
unpredictable effects. 

[0013] Another of the solutions proposed is for a liquid supply system to provide 
liquid in a localized area between the final element of the projection system and the 
substrate (the substrate generally has a larger surface area than the final element of the 
projection system). One way that has been proposed to arrange for this is disclosed in WO 
99/49504, hereby incorporated in its entirety by reference. As illustrated in Figures 2 and 
3, liquid is supplied by at least one inlet IN onto the substrate, preferably along the 
direction of movement of the substrate relative to the final element, and is removed by at 
least one outlet OUT after having passed under the projection system. That is, as the 
substrate is scanned beneath the element in a -X direction, liquid is supplied at the +X side 
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of the element and taken up at the -X side. Figure 2 shows the arrangement schematically 
in which liquid is supplied via inlet IN and is taken up on the other side of the element by 
outlet OUT which is connected to a low pressure source. In the illustration of Figure 2 the 
liquid is supplied along the direction of movement of the substrate relative to the final 
element, though this does not need to be the case. Various orientations and numbers of 
inlets and outlets positioned around the final element are possible, one example is 
illustrated in Figure 3 in which four sets of an inlet with an outlet on either side are 
provided in a regular pattern around the final element. 

[0014] Another solution that has been proposed is to provide the liquid supply 
system with a seal member which extends along at least a part of a boundary of the space 
between the final element of the projection system and the substrate table. The seal 
member is substantially stationary relative to the projection system in the XY plane and a 
seal is formed between the seal member and the surface of the substrate. Preferably the 
seal is a contactless seal such as a gas seal (see, for example, European patent application 
03252955.4 hereby incorporated in its entirety by reference). 

[0015] Unexpected disadvantages emerge from this new technology when 
compared with systems that do not have liquid in the exposure radiation path. In particular, 
despite the improved imaging resolution, the liquid tends to degrade the image quality in 
other respects. 

[0016] It is an object of the present invention to improve the imaging performance 
of an apparatus having a liquid filling a space between the final element of the projection 
system and the substrate. 

[0017] This and other objects are achieved according to the invention in a 
lithographic apparatus as specified in the opening paragraph, characterized in that the liquid 
supply system comprises bubble reduction means. 

[0018] It has been realized that an important source of image degradation is the 
scattering of imaging radiation from bubbles in the liquid. By reducing the size and 
concentration of these bubbles it is possible to reduce this scattering and the associated 
distortion of the image reaching the substrate, thereby reducing the frequency and 
magnitude of defects in the printed pattern on the substrate. Bubbles typically form when 
dissolved gases from the atmosphere come out of solution due to a disturbance of some 
kind, or from out-gassing elements of the lithographic apparatus, such as a photosensitive 
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layer on the substrate. Bubbles thus formed may vary greatly in number density and size 
distribution depending on the liquid, gases and disturbances involved. Very fine bubbles 
tend to cause particular problems as they are both difficult to detect and hard to remove 
using standard methods and yet still influence the image formed on the substrate. For use in 
the context of a typical lithographic apparatus, for example, bubbles continue to degrade 
performance down to around 10 nm in diameter. 

[0019] The bubble reduction means may comprise bubble detection means. It is 
preferred that the bubble detection means comprise one or more ultrasonic transducers. 
These transducers may emit ultrasonic waves and receive ultrasonic waves that are 
influenced by the presence of bubbles in the liquid within which they propagate. The 
information yielded by the ultrasonic transducers may include information about the 
distribution of bubble sizes as well as their number density. 

[0020] The ultrasonic transducers may also measure the ultrasonic attenuation as a 
function of frequency. The advantage of this approach is that it is possible to detect bubbles 
with dimensions very much smaller than the wavelength of the ultrasonic waves. Using 
only the amplitude of the signal would restrict this measurement method to bubbles of the 
same size or greater than the wavelength of the ultrasonic waves. 

[0021] A further feature is that the bubble reduction means comprises a bubble 
removal means. 

[0022] The bubble removal means may comprise a degassing device, the degassing 
device comprising an isolation chamber, wherein a space above liquid in the isolation 
chamber is maintained at a pressure below atmospheric pressure encouraging previously 
dissolved gases to come out of solution and be pumped away. This degassing process 
dramatically reduces the occurrence of bubbles due to dissolved atmospheric gases coming 
out of solution. Following the degassing process, the liquid is preferably kept as isolated as 
possible from the normal atmosphere. 

[0023] A further feature is that the bubble removal means provide a continuous 
flow of liquid over the final element of the projection system and the substrate in order to 
transport bubbles out of the imaging field. This step is particularly effective for removing 
gases originating from out-gassing elements of the lithographic apparatus. 
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[0024] Additionally, the bubble reduction means may pressurize the liquid above 
atmospheric pressure to minimize the size of bubbles and encourage bubble-forming gases 
to dissolve into the liquid. 

[0025] The composition of the liquid may also be chosen to have a lower surface 
tension than water. This reduces the tendency of bubbles to stick to the substrate where 
they may be particularly damaging to the image and where they tend to be resistant to 
removal measures. The tendency of bubbles to stick to the substrate and other components 
may be reduced by controlling the surface finish in contact with the immersion liquid. In 
particular, the surface finish may be polished or arranged to have a minimal surface 
roughness, preferably with a characteristic length scale of less than 0.5 um. 

[0026] The bubble reduction means may treat the liquid before it is introduced into 
the space between the final element of the projection system and the substrate. An 
advantage of this approach is improved space considerations and liberty of design. These 
factors make it easier to treat liquid in bulk for use in a plurality of lithographic apparatuses 
or for use in a circulatory system or where the liquid is to be replaced on a frequent basis. 
After treatment, the liquid may be protected from atmospheric gases by being kept under 
vacuum or by being exposed only to a gas, such as nitrogen, argon or helium, which does 
not easily dissolve into the liquid. 

[0027] The ultrasonic transducers of the bubble detection means may be arranged in 
a pulse-echo arrangement wherein the same transducer emits waves and, after reflection 
from a boundary, receives waves attenuated by propagation through the liquid. An 
advantage of this arrangement is that fewer transducers are required and it is easier to 
arrange a relatively long signal path through the liquid. 

[0028] Alternatively, the bubble detection means may comprise two spatially 
separated ultrasonic transducers, the first arranged to transmit, and the second to receive 
waves. An advantage of this arrangement is that the signal received at the receiving 
transducer may be easier to interpret and may suffer less from anomalous signal loss 
caused, for example, by non-specular reflection from the boundary. 

[0029] Optionally, the bubble removal means may include two spatially separated 
ultrasonic transducers, arranged to produce ultrasonic standing-wave patterns within the 
liquid that trap bubbles within the nodal regions. The bubble removal means is arranged to 
displace said bubbles through the use of phase adjusting means linked with the transducers, 
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the phase adjusting means causing spatial shift of the nodal regions and of bubbles trapped 
within them. This process may be used to transport bubbles completely to one side of a 
liquid reservoir where they may be isolated and removed from the system. 

[0030] The ultrasonic transducers may preferably operate at megasonic frequencies 
(in the region of 1MHz). Megasonic waves avoid some of the disadvantages of 
conventional (lower frequency) ultrasonic waves such as cavitation and bubble collision 
with solid surfaces, which results in small particles being dislodged and contaminating the 
liquid. 

[0031] The bubble removal means may comprise an electric field generator for 
applying an electric field to the liquid, which electric field being capable of dislodging 
bubbles attached to interfaces within the liquid. This feature may be particularly useful 
where an interface in question is the substrate, as bubbles attached here are at the focus of 
the lithographic projection apparatus and may therefore distort the image more severely. 
The electric field lines are distorted in the vicinity of the bubble, which has a dielectric 
constant different from that of the surrounding liquid. This embodiment works on the basis 
that when the bubble is close to, or in contact with, an interface, the electric field 
distribution may be such as to force the bubble away from the surface and into the bulk of 
the liquid. Once in the bulk of the liquid, the bubble has a less detrimental effect on image 
quality, and may also be more easily removed. This method is applicable even where the 
surface to which the bubble has attached is hydrophobic and reduces the need to apply 
special hydrophilic coatings to the substrate. 

[0032] The bubble removal means may comprise a selective heater for selectively 
controlling the temperature and therefore the size of bubbles according to their 
composition. By selecting to heat only the bubbles and not the surrounding liquid, it is 
possible to minimize unnecessary variations in the liquid temperature. Increasing the 
temperature of the bubbles causes them to expand in size and therefore become easier to 
remove. The selective heater may comprise a microwave source, operating at frequencies 
that correspond to the resonant frequencies of the gas molecules forming the bubbles 
(commonly nitrogen and oxygen). Given the temperature sensitivity of the lithographic 
apparatus in the region of the substrate, this method allows more extensive heating of the 
gas within the bubbles than would be the case if the liquid and bubbles had to be heated 
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simultaneously. The result is a more energy and time efficient method for removing 
bubbles from the liquid. 

[0033] The bubble removal means may comprise a particle input device for 
introducing particles into the liquid, and a particle removal device for removing the 
particles from the liquid. This method operates on the principle that, where the particles 
are chosen so that it is energetically or otherwise favorable, gas bubbles tend to attach to 
the surface of particles present in the liquid. Cumulatively, the particles present a large 
surface area to the liquid, which increases the chances of contact between particle and 
bubble. The surface in question may comprise the outer surface, and, where the particles 
are porous, the internal surface associated with the pores. Porous particles therefore 
provide a larger particle surface in contact with the liquid than non-porous particles. This 
embodiment is particularly effective when the particles are arranged to have a surface that 
repels the liquid (i.e. a surface that has a high interface energy with the liquid). In the case 
of a liquid comprising water, such a surface may be described as hydrophobic. This 
arrangement favors attachment of the bubbles as they act to reduce the particle surface area 
in contact with the liquid, thus minimizing the surface energy. There may also be an 
electrostatic attraction between the bubble and particle, or other surface characteristics of 
the particle that favor attachment of bubbles. 

[0034] Gas bubbles that become attached to the particles are removed from the 
liquid when the particles are removed from the liquid by the particle removal device. The 
particle removal device may comprise a particle filter. In general, the dimensions of the 
particle are chosen to make them easy to remove, and this method provides an efficient 
means for removing even very fine bubbles. 

[0035] The bubble detection means may comprise a light source, a light detector 
and a light comparator. The light source and the light detector may be arranged so that 
light emitted by the source propagates between the source and the detector through a 
portion of the liquid, the comparator being arranged to detect changes in the proportion of 
the emitted light that arrives at the detector after propagation through a portion of the 
liquid. The presence of bubbles in the liquid causes the light to be scattered. Depending 
on the arrangement of the source and the detector, this scattering may cause an increase or a 
decrease in the signal detected at the detector and may be analyzed to provide information 
about the population of bubbles. An advantage of this arrangement is that it can be 
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operated continuously, even when the projection apparatus is in normal operation. When 
bubbles occur, they can be detected at an early stage and exposure can be suspended until 
the liquid is clear again. This feature therefore minimizes lost time, and also reduces the 
quantity of poorly exposed substrates that are produced. 

[0036] According to a further aspect of the invention there is provided a 
lithographic projection apparatus comprising: 

[0037] a radiation system for providing a projection beam of radiation; 

[0038] a support structure for supporting patterning means, the patterning means 
serving to pattern the projection beam according to a desired pattern; 

[0039] a substrate table for holding a substrate; 

[0040] a projection system for projecting the patterned beam onto a target portion 
of the substrate; 

[0041] a liquid supply system for at least partly filling a space between the final 
element of said projection system and said substrate with liquid; and 

[0042] a detection system for detecting impurities in said liquid, including a light 
source, a light detector and a light comparator, said light source and said light detector 
being arranged so that light emitted by said source propagates between said source and said 
detector through a portion of said liquid, said comparator being arranged to detect changes 
in the proportion of said emitted light that arrives at said detector after propagation through 
a portion of said liquid. 

[0043] The detection system may be arranged to detect particles in the liquid 
between the final element of the projection system and the substrate. Particles may be 
introduced deliberately in order to control optical properties of the liquid and enhance the 
performance of the lithographic apparatus. This may be achieved, for example, by a fine 
suspension of quartz particles. In this case, the detection system may be used to verify that 
the particles are present in the desired proportions. Alternatively, damaging particles may 
enter the system by accident, such as those that break away from surfaces in contact with 
the immersion liquid. In this case, the detection system may be used to detect these 
particles and initiate an alarm procedure when the particle concentration and/or size 
distribution exceeds predetermined thresholds. Early detection of problems (whether a lack 
of desired particles or an excess of undesirable particles) allows corrective action to be 
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taken promptly and helps to minimize loss of time and materials associated with 
substandard imaging. 

[0044] According to a further aspect of the invention there is provided a device 
manufacturing method comprising the steps of: 

[0045] providing a substrate that is at least partially covered by a layer of radiation- 
sensitive material; 

[0046] providing a projection beam of radiation using a radiation system; 
[0047] using patterning means to endow the projection beam with a pattern in its 
cross-section; 

[0048] projecting the patterned beam of radiation onto a target portion of the layer 
of radiation-sensitive material; 

[0049] providing a liquid supply system for filling the space between the final 
element of the projection system and said substrate with liquid; and 

[0050] reducing bubbles in said liquid supply system. 

[0051] According to a still further aspect of the invention there is provided a 
lithographic projection apparatus comprising: 

[0052] a radiation system for providing a projection beam of radiation; 

[0053] a support structure for supporting patterning means, the patterning means 
serving to pattern the projection beam according to a desired pattern; 

[0054] a substrate table for holding a substrate; 

[0055] a projection system for projecting the patterned beam onto a target portion 
of the substrate; 

[0056] a liquid supply system for at least partly filling a space between the final 
element of said projection system and said substrate with liquid; and 

[0057] a liquid quality monitor capable of switching the operational state of the 
projection apparatus between an active state and a suspended state, said active state being 
selected when the liquid quality is determined to be above a predefined threshold and said 
suspended state being selected when the liquid quality is determined to be below a 
predefined threshold. 

[0058] This feature allows early detection of faults, and avoids unnecessary loss of 
time and material due to faulty exposure of the substrates. The predefined thresholds may 
be based on parameters such as limits on the size and/or number distribution of bubbles as 
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detected by the bubble detection means. Alternatively, the predefined thresholds may 
relate to limits on the size and/or number distribution of other particles in the liquid. 

[0059] Although specific reference may be made in this text to the use of the 
apparatus according to the invention in the manufacture of ICs, it should be explicitly 
understood that such an apparatus has many other possible applications. For example, it 
may be employed in the manufacture of integrated optical systems, guidance and detection 
patterns for magnetic domain memories, liquid-crystal display panels, thin-film magnetic 
heads, etc. The skilled artisan will appreciate that, in the context of such alternative 
applications, any use of the terms "reticle", "wafer" or "die" in this text should be 
considered as being replaced by the more general terms "mask", "substrate" and "target 
portion", respectively. 

[0060] In the present document, the terms "radiation" and "beam" are used to 
encompass all types of electromagnetic radiation, including ultraviolet radiation (e.g. with a 
wavelength of 365, 248, 193, 157 or 126 nm). 

Brief Description of the Drawings 

[0061] Embodiments of the invention will now be described, by way of example 
only, with reference to the accompanying schematic drawings in which: 

[0062] Figure 1 depicts a lithographic projection apparatus according to an 
embodiment of the invention; 

[0063] Figure 2 depicts a liquid supply system for supplying liquid to the area 
around the final element of the projection system according to an embodiment of the 
invention; 

[0064] Figure 3 depicts the arrangement of inlets and outlets of the liquid supply 
system of Figure 2 around the final element of the projection system according to an 
embodiment of the invention; 

[0065] Figure 4 depicts a liquid supply system with bubble reduction means 
according to an embodiment of the invention; 

[0066] Figure 5 depicts two possible arrangements of ultrasonic transducers in a 
bubble detection means according to two embodiments of the invention; 

[0067] Figure 6 depicts an arrangement of ultrasonic transducers and standing 
waves in a bubble removal means according to an embodiment of the invention; 
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[0068] Figure 7 depicts a degassing device according to an embodiment of the 
invention; 

[0069] Figure 8 depicts a liquid pressurization device according to an embodiment 
of the invention; 

[0070] Figure 9 depicts an embodiment of the bubble removal means showing a 
pair of protected electrodes and associated electric field generator; 

[0071] Figure 10 illustrates several different embodiments of the present invention 
with a different liquid supply system to that illustrated in Figures 2 and 3; 

[0072] Figures 1 la and 1 lb depict an embodiment of the bubble removal means 
arranged to selectively heat bubbles via a microwave radiation source; 

[0073] Figure 12 depicts an embodiment of the bubble removal means comprising a 
particle input device and a particle removal device; 

[0074] Figure 1 3 depicts an embodiment of the bubble detection means showing 
the light source and light detector and an example trajectory for a beam of light scattered 
from its path within the liquid through the projection lens to the light detector; 

[0075] Figure 14 depicts a larger scale view of the substrate region of the 
arrangement shown in Figure 13, illustrating the introduction of light from the light source 
into the region between the final element of the projection lens and the substrate, according 
to a first embodiment of the light source; 

[0076] Figure 15 depicts the same view as Figure 14 but shows the introduction of 
light from the light source into the region between the final element of the projection lens 
and the substrate according to a second embodiment of the light source; 

[0077] Figure 16 depicts an embodiment of the bubble detection means comprising 
a light source, detector, light comparator, liquid quality monitor and alarm; and 

[0078] Figure 17 depicts an arrangement of ultrasonic transducers in the region of 
the final element of the projection lens and the substrate according to an embodiment of the 
invention. 

[0079] In the Figures, corresponding reference symbols indicate corresponding 

parts. 

Detailed Description of Illustrated Embodiments 
[0080] Embodiment 1 
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[0081] Figure 1 schematically depicts a lithographic projection apparatus 
according to a particular embodiment of the invention. The apparatus comprises: 

[0082] a radiation system Ex, IL, for supplying a projection beam PB of radiation 
(e.g. DUV radiation), which in this particular case also comprises a radiation source LA; 

[0083] a first object table (mask table) MT provided with a mask holder for holding 
a mask MA (e.g. a reticle), and connected to first positioning means for accurately 
positioning the mask with respect to item PL; 

[0084] a second object table (substrate table) WT provided with a substrate holder 
for holding a substrate W (e.g. a resist-coated silicon wafer), and connected to second 
positioning means for accurately positioning the substrate with respect to item PL; 

[0085] a projection system ("lens") PL (e.g. a refractive lens system) for imaging an 
irradiated portion of the mask MA onto a target portion C (e.g. comprising one or more 
dies) of the substrate W. 

[0086] As here depicted, the apparatus is of a transmissive type (e.g. has a 
transmissive mask). However, in general, it may also be of a reflective type, for example 
(e.g. with a reflective mask). Alternatively, the apparatus may employ another kind of 
patterning means, such as a programmable mirror array of a type as referred to above. 

[0087] The source LA (e.g. an excimer laser) produces a beam of radiation. This 
beam is fed into an illumination system (illuminator) IL, either directly or after having 
traversed conditioning means, such as a beam expander Ex, for example. The illuminator 
IL may comprise adjusting means AM for setting the outer and/or inner radial extent 
(commonly referred to as a-outer and cr-inner, respectively) of the intensity distribution in 
the beam. In addition, it will generally comprise various other components, such as an 
integrator IN and a condenser CO. In this way, the beam PB impinging on the mask MA 
has a desired uniformity and intensity distribution in its cross-section. 

[0088] It should be noted with regard to Figure 1 that the source LA may be within 
the housing of the lithographic projection apparatus (as is often the case when the source 
LA is a mercury lamp, for example), but that it may also be remote from the lithographic 
projection apparatus, the radiation beam which it produces being led into the apparatus 
(e.g. with the aid of suitable directing mirrors); this latter scenario is often the case when 
the source LA is an excimer laser. The current invention and Claims encompass both of 
these scenarios. 
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[0089] The beam PB subsequently intercepts the mask MA, which is held on a 
mask table MT. Having traversed the mask MA, the beam PB passes through the lens PL, 
which focuses the beam PB onto a target portion C of the substrate W. With the aid of the 
second positioning means (and interferometric measuring means EF), the substrate table 
WT can be moved accurately, e.g. so as to position different target portions C in the path of 
the beam PB. Similarly, the first positioning means can be used to accurately position the 
mask MA with respect to the path of the beam PB, e.g. after mechanical retrieval of the 
mask MA from a mask library, or during a scan. In general, movement of the object tables 
MT, WT will be realized with the aid of a long-stroke module (course positioning) and a 
short-stroke module (fine positioning), which are not explicitly depicted in Figure 1 . 
However, in the case of a wafer stepper (as opposed to a step-and-scan apparatus) the mask 
table MT may just be connected to a short stroke actuator, or may be fixed. 

[0090] The depicted apparatus can be used in two different modes: 

[0091] In step mode, the mask table MT is kept essentially stationary, and an entire 
mask image is projected in one go (i.e. a single "flash") onto a target portion C. The 
substrate table WT is then shifted in the x and/or y directions so that a different target 
portion C can be irradiated by the beam PB; 

[0092] In scan mode, essentially the same scenario applies, except that a given 
target portion C is not exposed in a single "flash". Instead, the mask table MT is movable 
in a given direction (the so-called "scan direction", e.g. the y direction) with a speed v, so 
that the projection beam PB is caused to scan over a mask image; concurrently, the 
substrate table WT is simultaneously moved in the same or opposite direction at a speed V 
= Mv, in which Mis the magnification of the lens PL (typically, M= 1/4 or 1/5). In this 
manner, a relatively large target portion C can be exposed, without having to compromise 
on resolution. 

[0093] Figures 2 and 3 depict a liquid supply system according to an embodiment 
of the invention and have been described above. Other liquid supply systems may be 
employed according to embodiments of the invention including, without limitation, a bath 
of liquid and seal member as described above. 

[0094] Figure 4 shows the liquid supply system 1 and the bubble reduction means 
3a/3b according to an embodiment of the invention. The bubble reduction means 3a/3b 
may be located underneath the projection lens 3a, or exterior to the imaging axis 3b. The 
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liquid supply system 1 supplies liquid to a reservoir 13 between the projection lens PL and 
the wafer W. The liquid is preferably chosen to have a refractive index substantially greater 
than one meaning that the wavelength of the projection beam is shorter in the liquid than in 
air or a vacuum, allowing smaller features to be resolved. It is well known that the 
resolution of a projection system is determined, inter alia, by the wavelength of the 
projection beam and the numerical aperture of the system. The presence of the liquid may 
also be regarded as increasing the effective numerical aperture. 

[0095] If the liquid has been exposed to the atmosphere, some atmospheric gases 
may be dissolved in the liquid. Disturbances of the fluid (in any way) may give rise to the 
formation of bubbles, which, depending on the liquid, gases and disturbances involved, 
may be very fine. Fine bubbles, down to around 10 nm in diameter, are very difficult to 
detect using standard methods but still interfere with the imaging performance of the 
exposure radiation, distorting the image and leading to printing defects on the wafer. 
Bubbles may also enter the reservoir 13 via out-gassing from elements within the 
lithographic apparatus such as the photosensitive layer on the substrate W when it is 
exposed. 

[0096] The reservoir is bounded at least in part by a seal member 17 positioned 
below and surrounding the final element of the projection lens PL. The seal member 17 
extends a little above the final element of the projection lens PL and the liquid level rises 
above the bottom end of the final element of the projection lens PL. The seal member 17 
has an inner periphery that at the upper end closely conforms to the step of the projection 
system or the final element thereof and may, e.g., be round. At the bottom, the inner 
periphery closely conforms to the shape of the image field, e.g. rectangular but may be any 
shape. 

[0097] Between the seal member 17 and the wafer W, the liquid can be confined to 
the reservoir by a contact-less seal 16, such as a gas seal formed by gas, e.g. nitrogen, 
argon, helium or similar that do not readily dissolve into the liquid, provided under 
pressure to the gap between the seal member 17 and the substrate W. Between the seal 
member 17 and the projection lens PL, the liquid is confined by sealing members 14, 
optionally to keep the liquid pressurized. Alternatively, the sealing members 14 may be 
omitted and the liquid confined by gravity. 
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[0098] The bubble reduction means 3 can comprise bubble removal means. Figure 
4 shows an aspect of the bubble removal means, wherein the liquid is made to flow 
continuously past the projection lens PL and substrate W. This action is particularly 
effective for transporting away bubbles from gas originating within the reservoir 13, e.g. 
those arising due to out-gassing from the substrate W. Liquid is introduced to the reservoir 
13 through channels 23 formed at least partly in the seal member 17. These channels 23 
may cooperate with channels for feeding the contact-less seal 16, which may consist of 
inlet and outlet ports for gas and/or liquid. For example, liquid may be sucked from the 
region of the reservoir nearest the contact-less seal 16 by a gas outlet port and arranged to 
feed the continuous flow. 

[0099] The bubble reduction means 3 can comprise bubble detection means 4. 
Figure 5 shows two arrangements of ultrasonic transducers 5a/5b in the bubble detection 
means 4. The principle of detection used here is that the ultrasonic wave amplitude will be 
attenuated due to Rayleigh scattering from bubbles in the liquid. The ultrasonic attenuation 
is a function of the size distribution and the number density of bubbles (i.e. the number per 
unit volume). In the left diagram, an ultrasonic transducer emits a pulse that, after passing 
through the immersion liquid and reflecting from a boundary within the reservoir (whether 
reservoir 1 3 or some other reservoir, for example exterior to the imaging axis), is received 
by the same transducer 5a. This arrangement of transducer 5a is known as a "pulse-echo" 
arrangement. The pulse-echo arrangement is effective because it only requires a single 
transducer 5a and it is relatively easy to have a large propagation path between emission 
and detection thus helping to maximize the sensitivity to bubbles. However, it is possible 
that anomalous reflections occur causing loss of signal. The sampling rate may also be 
limited by the fact that it is necessary to wait for the return of a pulse before emitting a 
further pulse. Arranging the transducer 5a so that it can emit and receive concurrently may 
obviate this problem. An alternative arrangement is shown on the right of Figure 5, using 
two transducers 5b each dedicated to either emitting or receiving ultrasonic waves. Here it 
is possible to emit rapid trains of pulses and the arrangement does not suffer from 
anomalous reflection effects since the wave pulses travel directly between the transducers 
5b. 

[00100] The attenuation is measured as a function of frequency in order to detect 
bubbles that are much smaller than the wavelength of the ultrasonic signals. This may be 
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done using broadband transducers and excitations. Measuring attenuation at only a single 
frequency restricts detection to bubbles with diameters of the same order of size as or larger 
than the wavelength of the ultrasonic signals. 

[00101] Figure 6 shows a further aspect of the bubble removal means according to 
an embodiment of the invention, wherein two ultrasonic transducers 5c powered by a signal 
generator 9 and phase shifted relative to each other by phase adjusting means 8 are 
arranged to produce a standing wave pattern 6 in the liquid between the faces of the 
transducers 5c. Figure 6 shows a standing wave made up of interfering sine waves but the 
standing waves may be of any periodic form (e.g square-wave or saw-tooth). The upper 
diagram represents the arrangement at a first instant and the lower diagram the same 
arrangement at a later instant. Bubbles present in the liquid (e.g. 2) tend to become 
localized near the nodal regions 7 of the standing wave 6. The phase adjusting means 8 act 
to shift the positions of the nodes towards one or the other of the two ultrasonic transducers 
5c as shown by arrow 25. The trapped bubbles 2 move along with the moving nodes 
towards the transducer 5 c in question and are therefore transported to an edge of a liquid 
reservoir. In Figure 6, this movement is to the left as indicated by the arrow 26 and the 
displacement of the sample trapped bubble 2 indicated by the displaced vertical broken 
lines that pass through the center of the trapped bubble 2 at the two consecutive times. 
Once a certain concentration of bubbles has accumulated near one transducer 5c, the liquid 
in this region may be isolated and removed from the reservoir, carrying the bubbles with it. 

[00102] The bubble removal means may work using ultrasonic waves as 
described in European Patent Application No. 03253694.8 hereby incorporated in its 
entirety by reference, or on similar principles using higher frequency waves known as 
megasonic waves (about 1MHz) which avoid some of the disadvantages of conventional 
ultrasonic waves (which can lead to cavitation and bubble collision with walls resulting in 
small particles breaking off the walls and contaminating the liquid). As an alternative, the 
ultrasonic energy may be controlled, even with lower frequency ultrasound, to reduce the 
likelihood or extent of bubble cavitation. Additionally, ultrasound may be used to cause 
coalescence of smaller bubbles into larger bubbles which rise more quickly and may be 
more easily removed. Other bubble reduction means are also possible, for example those 
described in the above mentioned European Patent Application as well as the use of 
membranes perhaps in combination with a vacuum or by purging the liquid with a low 

3044663 lvl 18 



solubility gas, such as helium. Membranes are already used for removal of gases from 
liquids in fields such as microelectronics, pharmaceutical and power applications. The 
liquid is pumped through a bundle of semi porous membrane tubing. The pores of the 
membrane are sized and the material chosen so that the liquid cannot pass through them but 
the gases to be removed can. Thus the liquid is degassed. The process can be accelerated 
by applying to the outside of the tubing a low pressure. Liqui-Cel ( ™ } Membrane 
Contractors available from Membrana-Charlotte, a division of Celgard Inc. of Charlotte, 
North Carolina, USA are suitable for this purpose. 

[00103] Purging with a low solubility gas is a known technique applied in high 
performance chromatography to prevent air bubble trapping in a reciprocating pump head. 
When the low solubility gas is purged through the liquid, it drives out other gases, such as 
carbon dioxide and oxygen. 

[00104] Figure 7 shows the degassing device 10 of the bubble removal means 
according to an embodiment of the invention. The degassing device 10 comprises an 
isolation chamber 11, which contains the liquid to be degassed. The degassing device 10 
may further comprise a pump 12 arranged to extract gases from the isolation chamber 1 1 
and, eventually, to achieve a low pressure state therein. The minimum pressure is 
preferably chosen to be greater than the saturated vapor pressure of the liquid being used so 
as to prevent boiling, e.g. around 23 mbar for water at room temperature. Once under 
reduced pressure, gases dissolved in the liquid will leave solution and be pumped away by 
the pump 12. Raising the temperature of the liquid can assist this process. For example, 
working between 40 and 50 °C typically increases the degassing speed by about a factor of 
ten. When the degassing process is complete, i.e. when no further dissolved gas can be 
extracted from the liquid, the isolation chamber 1 1 may be isolated by closing doors 1 5 
located above the liquid. The liquid should remain isolated from the atmosphere until it is 
transferred into the reservoir 13 for use. The liquid may be kept either under vacuum or 
under a gas that will not easily dissolve into the liquid, such as nitrogen, argon or helium. 

[00105] Figure 8 shows a liquid pressurization device 22 that acts to pressurize 
the reservoir liquid above atmospheric pressure according to an embodiment of the 
invention. High pressure has the effect of minimizing the size of bubbles and encouraging 
bubbles to dissolve into the liquid. The apparatus shown in Figure 8 consists of a piston 19 
and a bore 2 1 . Pushing the piston into the bore pressurizes the liquid. At its lower end, a 
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valve 1 8 is provided to allow transfer of the liquid, for example into the liquid supply 
system 1 . For monitoring purposes, a pressure gauge 20 is provided which may include a 
safety blow-off valve. 

[00106] The bubble reduction means 3 may comprise elements both within the 
reservoir 13, as shown in Figure 4, and outside the reservoir 13 - see 3a and 3b respectively 
in Figure 4. An advantage of having elements outside the exposure space 13 is that 
engineering considerations, such as the amount of space available or the allowable levels of 
vibrations and heat dissipation, are significantly relaxed. This fact not only makes it 
cheaper to design processing elements but also opens the possibility for bulk processing. 
Such bulk processing may allow a single station to prepare liquid for use in a number of 
lithographic apparatuses or to provide a large quantity of conditioned liquid for use in a 
system where there is a continual throughput of liquid, or in a system where the liquid is 
changed on a frequent basis. 

[00107] Bubble reduction means 3 located within the reservoir 13 are particularly 
effective for dealing with bubbles that unavoidably originate within the reservoir 13, such 
as from out-gassing. 

[00108] The composition of the liquid may be chosen to have a lower surface 
tension than water. This reduces the tendency of bubbles to stick to the substrate 
(particularly acute for small bubbles) where they may be particularly damaging to the 
image and where they tend to be resistant to removal measures. This may be achieved by 
choosing a pure liquid with a lower surface tension or by adding a component to the liquid 
that reduces its surface tension, such as a surfactant. 

[00109] Bubbles attached to the surface of the substrate W are particularly 
damaging because they are near the focus of the projection apparatus. The image is thus 
liable to be seriously distorted due to diffraction. An embodiment of the present invention 
provides a means for removing such bubbles and, more generally, bubbles attached to any 
interfaces within the immersion liquid. Figure 9 illustrates one such embodiment, in this 
case directed towards removing bubbles from the substrate W. Here, two electrodes 27a 
and 27b are arranged in the region between the final element of the projection system PL 
and the substrate W and are each connected to terminals of an electrical power source 28. 
Alternatively, parts of the existing apparatus may be utilized as electrodes. For example, 
the substrate W may form one electrode in partnership with a second such as 27a. When 
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energized, this arrangement produces a uniform electric field substantially parallel to the 
axis of the projection lens PL which extends to the region of liquid in close proximity to 
the target interface. Bubbles have a dielectric constant different from that of the 
surrounding liquid, which causes electric field lines to be distorted in the region around the 
bubble. When bubbles are close to an interface such as the substrate (W), the field lines 
may be distorted in such a way that the bubble experiences a force, which may be directed 
away from the surface in question and cause the bubble to deform and eventually break free 
from the surface and enter the bulk of the liquid. In the context of Figure 9, the magnitude 
of the electric field may be arranged to overcome the pressure exerted on the bubble due to 
the liquid located above it and other opposing forces originating from factors such as 
surface tension. In a preferred embodiment the potential difference between the electrodes 
27a and 27b is 100 volts DC. However, alternating voltage sources or a combination of 
alternating and direct voltage sources may be used. The critical parameter is the electric 
field strength, which depends on the magnitude of the potential difference and the 
separation between the electrodes. Furthermore, non-uniform and differently oriented 
fields may also be effective. This method will be applicable even when the surface of the 
substrate W is hydrophobic and there is a large energy barrier associated with deforming 
the bubble and disconnecting it from the surface. This means that it is no longer necessary 
specially to treat the surface of the substrate W such as by coating it with a hydrophilic 
coating. 

[00110] A number of design considerations need to be taken into account. The 
conductivity of the liquid needs to be carefully controlled. In particular, it should not be 
too high, because this will make it difficult to create the electric field. Water with a 
resistivity of roughly 0.8 to 18.2 MOhm*cm may be used for example. Also, the electrodes 
27a and 27b should preferably be protected from breakdown by isolating material 29 to 
prevent electrolysis and subsequent material breakdown. The conductivity and/or dielectric 
permittivity of the electrodes themselves should be high in comparison to the immersion 
liquid. One consequence of this will be to ensure that there is no appreciable fall in 
potential within the conductor material, which may help produce a uniform field between 
the electrodes. 

[00111] It has been found that electrical forces may also cause adhesion between 
bubbles and solid particles dispersed in liquid. Bubbles in a liquid have, on their surface, 
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an electrokinetic (or zeta) potential which results in a potential difference between the 
surface of the bubble and the fully disassociated ionic concentration in the body of the 
liquid. This also applies to small particles. 

[00112] According to an embodiment of the present invention, a power source or 
voltage supply V (or charge, voltage, electrical field or potential difference generator or 
supply) may be used to apply an electrical potential to one or more objects of the 
immersion apparatus. The principle of operation is that if repulsion is required a potential 
difference between the fully disassociated ionic concentration of the liquid and the object is 
generated, which is of the same polarity as the potential difference between the fully 
disassociated ionic concentration in the body of the liquid and the surface of the bubble. If 
attraction between the object and the bubble is required the potential differences should 
have the same polarity. In this way forces can be generated on the bubbles towards or away 
from the objects (electrodes) which are in contact with the immersion liquid. 

[00113] In Figure 10 several different objects have a potential or charge applied to 
them. This embodiment will work with only one such object and also with any 
combination of objects and indeed other objects to those not illustrated could be also or 
alternatively be used. 

[00114] In pure water, which is the most promising candidate for use as an 
immersion liquid at 193 nm projection beam wavelength, it has been found that the surface 
potential of \im bubbles is about -50 mV. This potential will vary with bubble size and 
also with type of immersion liquid. However, the same principles as described here can be 
used for other immersion liquids and bubble sizes and the invention is fully applicable to 
those. Additives may be added to the immersion liquid to change the effect of the 
potential. CaCk or NaCl are suitable candidate additions for this purpose. 

[00115] In Figure 10 six different objects are illustrated to which a potential or 
voltage or charge could be applied. Preferably the objects are in contact with the 
immersion liquid. Though in principle this is not necessary. One of these is the substrate 
W which is preferably charged to the same polarity of electrical potential as the electrical 
potential of the surface of the bubbles. In this way the bubbles have a force on them 
directly away from the substrate W so that their effect on the projected image is minimized. 
In combination with a negative potential on the substrate W, or by itself, the final element 
of the projection system or an object 50 close to the final element of the projection system 
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PL can be charged to a potential opposite in polarity to the potential of the surface of the 
bubbles. This will have the effect of attracting the bubbles towards the final element of the 
projection system and thereby away from the substrate. The shape of the object 50 
(electrode) close to the final element of a projection system PL could be any shape. It 
could be plate like or could be annular so that the projection beam PB passes through the 
centre of electrode 50. 

[00116] Alternatively, the objects to be charged or have a voltage applied to them 
could be attached to a surface of the seal member 17. In Figure 10, these objects are 
attached to the inner surface of the seal member 17. As illustrated, two electrodes 52, 54 
are present each on opposite sides of the barrier member and charged to opposite 
potentials. In this way the bubbles could be drawn to one or other of the objects, perhaps in 
the direction of an immersion liquid outlet. Alternatively, one object or more objects may 
be provided around the inner side of the seal member 1 7 (in contact with the immersion 
liquid) which is/are charged to a potential with a polarity different to the polarity of the 
potential of the surface of the bubbles. In this way bubbles in the immersion liquid in the 
space 36 between the final element of the projection system PL and the substrate W will be 
drawn away from the optical axis of the apparatus thereby leaving the path of the projection 
beam PB to the substrate W substantially unhindered by bubbles. 

[00117] Another place to use this embodiment is upstream of the space 36 
between the final element of the projection system PL and the substrate W in the liquid 
supply system. In this case, as the immersion liquid passes along conduits 56 and through 
a housing 58, oppositely charged and opposing plates 62, 64 produce a force on the bubbles 
which is effective to move the bubbles, when the immersion liquid is in the space 36, 
further away from the substrate W than they would be without the application of the 
electrical field upstream of the space 36. The immersion liquid with a high concentration 
of bubbles i.e. near to the electrode 64, could even be removed and not supplied to the 
space 36. The removed liquid could be subjected to a bubble removal process before being 
recycled in the liquid supply system. 

[00118] In all of the above examples, the higher the voltage applied by the voltage 
generator V the greater the force on the bubbles. The potential on the objects should not be 
so high as to cause disassociation of the immersion liquid but should be high enough to 
provide a force on the bubbles such that the invention is effective. For an immersion liquid 
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comprised mainly of water, typical potential differences applied to the objects according to 
this embodiment are 5mV to 5 V, preferably lOmV to 500mV. An electrical field of 
5mV/mm to 500m V/mm due to the application of the potential is preferred. 

[00119] Figure 1 1 illustrates an embodiment of the bubble removal means that 
benefits from a significantly enhanced bubble removal rate without undue influence on the 
immersion liquid. The improved removal rate is achieved by increasing the size of the 
bubbles in the immersion liquid by heating. The increased bubble size renders them more 
responsive to most methods of bubble removal. This is achieved without adverse heating 
effects in the immersion liquid, or surrounding temperature sensitive components, through 
the use of a microwave radiation source 30, producing radiation that couples only to the gas 
within the bubbles themselves and not to the immersion liquid itself. Figure 11a, which 
shows a schematic magnified view of the immersion liquid, illustrating how the process 
operates. Microwave photons 32 are absorbed by an example bubble 31a at temperature Tl, 
which is then heated to become a larger bubble 31b at temperature T2. Once the 
temperature of the bubble has been elevated above that of the surrounding immersion 
liquid, some rise in the temperature of the immersion liquid will inevitably occur in the 
immediate vicinity of each bubble. However, the combined heat capacity of the bubbles 
and thermal conductivity of the immersion liquid are likely to be small enough that heating 
of the immersion liquid can be kept within acceptable limits. In general, the frequency 
components of the microwave radiation are chosen to correspond with resonant frequencies 
or excitation modes of species present in the bubbles. For many cases of interest, a large 
fraction of the gas forming the bubbles will be nitrogen and oxygen, in which case the 
resonant modes of these molecules will dictate the microwave frequencies to use. 

[00120] Figure 12 illustrates an alternative embodiment of the bubble removal 
means. Here, a particle input device 33 introduces into the immersion liquid particles that 
act to attract bubbles to their surface. The particles may be mixed with the immersion 
liquid either by natural dispersion or deliberate agitation. The particles may be left in the 
immersion liquid for a period determined according to the concentration of bubbles. For 
example, if the bubble concentration is very high, the particles will become saturated 
quickly and will need to be refreshed after a relatively short time. If, on the other hand, the 
bubble concentration is low, the particles may remain active for a much longer time. Once 
the activity of the particles, or alternatively the bubble concentration, has fallen below a 
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certain threshold level, the particles may be removed from the liquid by a particle removal 
device 34, which may comprise for example a particle filter. According to the embodiment 
of Figure 11, the particle input device 33 and particle removal device 34 are coupled to the 
channels 23 for circulating the immersion liquid through the region 36 through a circuit 
indicated by the arrows 37 and 38. The circuit in question may be closed, as indicated by 
arrows 38, or involve input and output to a mains, or other, water supply as indicated by 
arrows 37. The used particles may be treated in a particle recycling device 35 to remove 
the gas bubbles from the particles. This de-gassing process may be achieved, for example, 
by pumping on a solution containing the particles or by pumping directly on the particles 
themselves. The clean particles may then be reintroduced to the immersion liquid via the 
particle input device 33 where they will again act effectively to trap bubbles. 

[00121] Preferably the particles are arranged to have surface characteristics that 
encourage bubbles to attach to the surface, for example in order to lower their surface 
energy. In addition, it may also be preferable to arrange the particles to have as large a 
surface area as possible. This may be achieved by using porous particles such that bubbles 
may attach on surfaces within the interior of the particles. Generally this parameter may be 
varied by controlling the size and number distribution, and porosity of the particles. A 
balance may need to be achieved in pore size because although finer pores may provide the 
greatest additional surface area, they will exclude bubbles that are of a similar order of size 
or that are large in comparison with the pores (the pores may also be blocked by such 
bubbles). Many different particle compositions can be used, for example silica, zeolites, 
alumina, activated carbon, or a carbon molecular sieve. Certain polymer compositions may 
also be used. The particle size is a less critical factor (compared with the surface area) and 
a typical size range may be 5 to 1000 um diameter. 

[00122] In Figure 12, the particle input device 33 and the particle removal device 
34 are both located outside of the region 36. However, these components may also be 
arranged to add and remove particles directly within this region. 

[00123] An alternative method for bringing the particles into the liquid is the 
occasional use of ultrasonic agitation in combination with non-degassed liquid. Due to 
cavitation of the bubbles, particles will be released from solid surfaces exposed to the 
liquid. 



3044663 lvl 



25 



[00124] Figure 1 3 shows a schematic representation of a section of the 
lithographic projection apparatus between the mask MA and the substrate W. This diagram 
shows several possible embodiments of the invention wherein either the bubble detection 
means or a detection system is arranged to propagate light between a light source 39 and a 
detector 40. The presence of bubbles (in the case of the bubble detection system) or 
particles (in the case of the detection system) is established via an increase or decrease in 
the intensity of light reaching the detector 40, caused by light scattering from bubbles or 
particles within the liquid. Figure 13 shows one possible arrangement, with the light 
source 39 arranged via an optical fiber 41 to direct light rays into the immersion liquid. 
Light propagates through the liquid and, if bubbles or particles are present, may scatter 
from them. An example path for a scattered ray is shown by the arrows 42, showing 
propagation through the projection lens system to the detector 40. Preferably, a wavelength 
is chosen such that the photo resist is insensitive to the light. Figures 14 and 15 show 
magnified views of the substrate region showing how the light is fed into the immersion 
liquid. In Figure 14, the optical fiber 41 is fed through the seal member 17 and makes its 
way into the region 36 either directly or after a number of reflections. Figure 15 shows an 
alternative arrangement whereby light is introduced between the substrate W and the seal 
member 17. In Figures 14 and 15, light is shown (by arrows 43a and 43b) entering from a 
single direction and traversing the region 36 horizontally. However, light may be fed into 
the liquid from any direction and take various paths including paths comprising one or 
more reflections off the final element of the projection system PL and/or the substrate W. 
According to the embodiment illustrated in Figures 13 to 15, the signal strength detected at 
the light detector will increase as the concentration of bubbles or particles in the liquid 
increases due to the overall increase in scattering. However, the light source 39 and 
detector 40 may be arranged so that increased scattering leads to a decrease in the signal 
strength arriving at the detector 40. As a further variation, the optical fiber 41 may connect 
to both an illumination source and detector, the presence of bubbles or particles being 
detected by a change in the amount of light being reflected back into the optical fiber 4 1 . 

[00125] The arrangement illustrated in Figures 13 to 15, which in general may be 
described as a light scatterometer, has the advantage of allowing continuous and non- 
disruptive monitoring of the concentration of bubbles or particles in the immersion liquid. 
Figure 16 illustrates schematically how the arrangement may be realized, with the light 
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source 39 and detector 40 interacting with a light comparator 44. The light comparator 44 
compares the light emitted by the light source 39 and the signal level arriving at the 
detector 40, and, depending on the arrangement of source and detector, determines 
information about the population of bubbles or particles present in the immersion liquid. 

[00126] The light comparator 44 may interact with a liquid quality monitor 45, 
which may be realized by a suitably programmed computer. The liquid quality monitor 45 
may be arranged to ensure that the liquid is always at a suitable level of cleanliness to 
ensure that the quality of the image being written to the substrate W does not fall below a 
minimum threshold level. The liquid quality monitor 45 may take into account, in addition 
to the concentration of bubbles or particles, other factors such as the chemical composition 
of the liquid. The liquid quality monitor 45 may in turn be coupled to an alarm system 46 
that causes the system to be shut down from an active state to a suspended state, or other 
appropriate action to be taken, when the state of the immersion liquid falls outside 
predefined parameters. This early reaction to problems in the liquid allows corrective 
action to be taken promptly, and also minimizes the loss of materials and time associated 
with substandard exposures caused by low quality immersion liquid. 

[00127] The imaging performance of the lithography system may also be affected 
negatively (causing stray light, for example) by contamination on the bottom part of the 
lens PL. Such contamination may include, for example, the formation of salts arising 
primarily from the resist chemicals or oxides such as Si0 2 . The contamination may be 
reduced by mechanical or chemical cleaning, but such procedures involve expensive 
stoppages and service man hours, are not always completely effective and risk damage to 
the lens. According to certain embodiments of the present invention described above, one 
or more ultrasonic transducers are provided to detect or remove bubbles from the 
immersion liquid. These devices may also be oriented and configured to remove 
contamination from the final element of the projection lens PL and the substrate or wafer 
chuck W. Figure 1 7 shows one possible arrangement, wherein ultrasonic transducers 47 
are located on the seal member 1 7 and may couple directly to the liquid between the final 
element of the projection lens PL and the substrate W. To minimize the risk of altering the 
position of the lens itself during cleaning, the transducers 47 may be mechanically isolated 
from, or at least in damped connection with, the seal member 17. For example, the 
transducers 47 may be located nearby, rather than on, the seal member 1 7. Alternatively, 
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the device connection to the lens PL may be mechanically released when the high 
frequency is generated. In the context of lens or wafer chuck cleaning, a wide variety of 
high frequency generators may be used that produce ultrasonic waves resonant with the 
immersion liquid. In practice, the ultrasonic lens and wafer chuck cleaning action may be 
implemented automatically and be arranged to cycle on and off according to the rate of 
contamination. 

[00128] Whilst specific embodiments of the invention have been described above, 
it will be appreciated that the invention may be practiced otherwise than as described. The 
description is not intended to limit the invention. 
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